While methane hydrate (MH) can be present in various forms sands deep seabeds or permafrost regions, this paper deals with methane hydrate bearing sediments (MHBS) where the MH has formed bonds between sand grains. A bond model based on experimentally-validated contact laws for cemented granules is introduced to describe 
MHs cementing sand grains (acting as bond bridges between grains). As suggested by from a series of micro experiments is introduced with particular emphasis on the bond 89 strength envelope. Section 3 extends the generic model to MHBS by relating the 90 model parameters to the surrounding temperature, water pressure, and MH density in 91 addition to the hydrate saturation. DEM implementation of this model is described in 92 Section 4 followed by relevant simulation results to be presented in Section 5 in 93 comparison to the available experimental data [18] . laws have been experimentally derived from bonds made of either epoxy resin [43] or 105 cement [44] .
106
For an intact bond, the normal force F n , the shear force F s , and the moment M can 107 be computed as:
111
where u n , s u , and θ are the overlap, relative shear displacement, and relative rotation 112 angle, respectively, whilst K n , K s , K r are the normal, tangential and rolling bond 113 contact stiffness, respectively. u 0 is the distance between two adjacent particles at the 114 time of formation of the bond. In the case that two particles are in contact during the 115 formation of the bond, the minimum bond thickness, t 0 , is assumed to be 0 and u 0 = 0.
116
To account for the distance existing between particles at the time of formation of the 117 MH bonds is important for a realistic modeling of MHBS since this has an influence 118 on the observed mechanical behavior of the assembly of bonded particles.
119
The thresholds (or bond strengths) in the normal, shear and rolling directions are 120 here denoted by nb R , sb R and rb R , which define the upper bound of the elastic regime 121 in each direction. The bond will break in a fragile fashion if any force or moment 122 exceeds these thresholds. When two grains after their bond has broken come into 123 contact again, the contact laws between un-bonded grains are as follows:
127
where min [·] is the operator taking the minimum value; µ is the inter-particle friction 128 coefficient;
is the equivalent radius of two particles in contact.
shape parameter of soil particles characterizing the rolling resistance of particles in contact, which is meant to account for the effect of non-spherical grain shapes. Details 134 on the physical meaning of the inter-particle rolling resistance can be found in Jiang et 135 al. [45] .
136
In case of combined loads, the adopted strength criterion is represented as a 137 three-dimensional surface in the F n -F s -M space. According to experimental results on 138 epoxy resin and cement [43, 44] , the slice of the surface in the F s -M plane can be 139 described in first approximation by an ellipse:
141
where R sb0 is the bond shear strength in the absence of bending moments and R rb0 is 142 the bond rolling strength in the absence of shear forces. The size of the ellipse 143 depends on F n . Hence both R sb0 and R rb0 depend on the magnitude of F n :
146
where R tb , R cb are the bond tensile and compressive strength, respectively, which can 147 be obtained from pure tension and compression tests on the cemented granules. between the curves of Equation (4) and available experimental data, [43, 44] , is 152 shown in Figure 3 . A good agreement between the curves and the experimental data is apparent. Combining Equations (3) and (4) gives rise to a three dimensional strength 154 envelope shown in Figure 4 which has proved to replicate satisfactorily the available 155 experimental data for combined loading paths too.
156
The contact law for an intact bond requires knowledge of the bond strength and 157 stiffness parameters summarized in Table 1 shown in Figure 2 , for the case of rigid particles with deformable elastic bond, the 185 normal deformation of the bond material, n δ , can be expressed as:
where ε is the normal strain; σ is the evenly distributed normal stress; E is the 188 Young's modulus of the bonding material and t is the average thickness of the 189 bonding material (see Figure 2 ). Thus the normal contact stiffness can be related to E 190 as follows:
192
According to experimental data obtained from tests on pure MHs (e.g., [47] ), E
193
is strongly related to the temperature, T, the confining pressure, (i.e., pore pressure in 194 this case, w σ ), and MH density, ρ . The relationship can be written as: Young's modulus of MH can be expressed as: 
219
The values of Young modulus obtained by using Equation (9) are listed in and q max,c respectively, subject to a given confining pressure w σ : 
250 so that in the light of Equations (12) (14) can be expressed by:
where b 0 , b 1 , b 2 , and b 3 are fitting parameters. Table 3 lists the available experimental 264 data of MH with high purity [47] and the data attained from the dash line in Figure   265 8(b). Fitting the data in Table 3 , Equation (15) 
267
The prediction based on Equation (16) is also given in Table 3 for sake of
268
comparison with the available experimental data. A good agreement is apparent.
269
Equation (16) 
272
Combining Equation (13a) and Equation (16) 
275 276
Shape of the strength envelope

277
As demonstrated in Figure 3 , the shape of the envelope is controlled by the ice-like material composed of methane gas and water, i.e., natural gas is trapped 288 inside cage-like crystal structures made up of water molecules [7] . Its physical [48, 49] 289 and mechanical [50, 51] properties have been found to be similar to those of ice.
290
Therefore the yielding curve of ice has been plotted in Figure 9 (b) for comparison.
291
The curve relative to ice is left skewed akin to cement-based materials. Hence, it can 292 be inferred that the tangential/rolling bond strength envelope of MH resembles that of 293 cement-based materials. Accordingly, the fitting parameters determined for the shape 294 of the strength envelope in case of cement bonds [44] can be used for MH bonds. Thus, Equations (4) for MH bonds are here re-written as:
298
where R tb and R cb can be computed from a combination of Equations (12), (16) 
Geometric features of inter-particle MH
310
From the experiments conducted by Hyodo et al. [32] , it can be inferred that the 
327
The total area occupied by the bonds in a sample can be found by summation over all 328 the bonds: 
(
where A is the total area of the sample; e p is the planar void ratio; and S MH0 is the 335 threshold value of hydrate saturation at which methane hydrates start to bond sand 336 grains, which is around 20% -30% [18, 19, 52, 53] . Note that the value of S MH0 337 depends on the hydrate growth history. The 'multi-layer with under compaction method' proposed by Jiang et al. [55] 394 was used to generate a homogenous un-bonded sample consisting of 6000 particles at 395 a target void ratio of 0.21 which implies that the sample generated is dense. This 396 sample was then isotropically subjected to a confining pressure of 1 MPa, the exact 397 value applied in the tests conducted by Masui et al. [18] . Next, MH bonds were 398 activated in the sample at the confining pressure of 1 MPa at a given environmental 399 setting, i.e., surrounding temperature and backpressure. During the process of sample 400 generation, the wall-particle friction was set to zero to eliminate any boundary effects.
401 Figure 13 illustrates the DEM sample with a width of 400 mm and a height of 800 402 mm, in which the existence of the MH bonds is highlighted by black solid lines 403 linking adjacent particles. The amplified part of the sample in Figure 13 shows that
404
MH bonds have been successfully formed at all target contacts (i.e., whether virtual or 405 real contacts).
406
After sample preparation, the sample was sheared under a constant strain rate of numerical servo-mechanism to the side walls.
Sample parameters
412 Figure 14 provides the grain size distribution of the DEM sample in comparison to
413
Toyoura sand adopted by Masui et al. [18] . The simulation used a more uniform 414 sample with particle diameter ranging from 6.0 mm to 9.0 mm in order to achieve Table 4 lists the parameters employed in the simulation. In case of un-bonded 420 particles, a trial-and-error procedure was used to determine the micro mechanical 
423
In case of bonded particles, the parameters of the bond contact model (see Table   424 1) were determined via the relationships outlined in section 3 using as input the at different MH saturations were obtained by Equation (22) (see Table 4 ). In Figure   430 11 the relationship between parameter β and MH saturation is provided. (16) and (18), and listed in Table 4 . Based on the parameters listed in Table 4 , the 437 model parameters at each bond were computed according to Equations (6) and (12) 
461
Based on the data in Figure 15 , variations of the peak shear strength and the 462 elastic modulus of MHBS with respect to the MH saturation degree, S MH , are provided 463 in Figure 16 . Here, the peak shear strength is the deviator stress at its maximum value pressure and MH concentration to investigate the undrained behavior of the MHBS.
507
As it is well known during the execution of an undrained test, excess pore pressures 508 are generated so that a fully coupled liquid -solid numerical analysis would be exhibited. This is due to the fact that the samples considered were generated in loose 517 conditions. 518 519 MHBS. However, some differences were identified between the numerical and the 578 experimental data [18] .
Microscopic information on bonds
579
A 2D model was used in the present study instead of 3D models due to several which will not significantly differ from that in 3D modeling. Although 2D modeling particle angularity will evolve during loading process, and such morphological change becomes almost untraceable in a practical simulation using particles of sufficient 610 number. Alternatively, realistic particle rotation can still be achieved from 611 disc-shaped particles by directly incorporating the inter-particle rolling resistance into 612 the contact law in the manner that this present study adopted (e.g., [45, 61, 62] ). This 613 approach sacrifices details at the particle scale such as the particle shape, but is 614 particularly suitable where accurate bulk behaviors of the medium are prior to fidelity 615 to the actual particle shapes.
616
The grain size distribution of the DEM sample differs from that of Toyoura sand 617 used in the experiment of Masui et al. [18] . This study proposed a two-dimensional bond contact model for the DEM simulation 642 of soils with methane hydrates (MHs) cementing at inter-particle contacts of grains. A 643 conceptual bond contact model [36] , which has been validated through a 644 specifically-designed test [43, 44] , was first introduced with an emphasis on the 645 generic contact law, which was later adapted in MHBS. Due to difficulty in 646 conducting the micro-mechanical tests on bonded granules using real MHs, the model 647 parameters in relation to the bond strength and particle stiffness were suggested to be 
661
Although some quantitative differences with the experimental triaxial tests were 662 observed, the proposed bond model and its parameter calibration proved to be realistic 
